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PE5CRIPTTO 

ELECTRO-ACOUSTIC RESONATOR 

The invention relates to an electro-acoustic wave resonator, Resonators are the basic building 
blocks of filters. 

5 

Thin-film bulk acoustic wave (BAW) resonator filters are of growing Interest particularly for 
radio frequency (RF) fiont-end selectivity in wireless applications, e.g. 2G and 3G handsets. 
This technology aSers the best possibility for integration and miniaturisation- One of the 
important parameters of an electro-acoustic resonator is its coupling factor kr defined by I<« 2 = 
0 [l-C^S) 3 ]- In ttd3 equation f and £ are the resonator's resonance and antiresonance, Le. the 
| frequencies of minimum and maximum impedance. Maximum achievable filter bandwidth is 
proportional to k a . 

A BAW resonator consists essentially of a layer sequence comprising two electrode layers 
5 adjacent to a piezoelectric layer. For RF applications the piezoelectric layer typically consists 
of a deposited layer of a im fl fr fr i such as fthftvm\iwn iritrirfft (A1N). For Deducing deposition 
time, resonators with a feasibly thin piezoelectric layer are desired. The disadvantage of thu> 
film piesjoelectrio materials is their rafter low coupling coefficient As resonator coupling 
factor Iv is proportional to the coupling coefficient the design of the electro- acoustic 
; !0 resonator has to be optimised to compensate the rather low coupling coefficient 1& ofthin-flm 
piezoelectric materials. For example, a high coupling factor kr is required for the 3G UMTS 
receive (RX) and transmit (TX) bands . 

WO 02/23720 Al discloses a resonator that comprises a first electrode, a second electrode 
and a piezoelectric layer arranged between the above. A first acoustic compression layer is 
arranged beftveen the piezoelectric layer and the first electrode with a higher acoqsfic 
impedance than the first electrode. For a warranty of a sufficiently low resistance oftfxe 
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aletfrgdes that document isveala that the electrodes are at least 200 mn thick. There, the 
eleetmde preferably consists of Aluminium (Al) with a thickness of 300-600 m Such an 
electrode results in a low electrical resistance and effects only a small deterioration of the 
coupling coefficient achieved by the arrangement of an acoustic compression layer. 

US patent 6,051,907 discloses a method for toning a thin-film bulk acoustic wave resonator 
(FRARJ located oa a wafer. The method is used for fins tuning if the centre fieqosircy is 
different from a target value and is done by etching the top electrode. According to US 
6,051 a 907 the structure of thin-fllm bulk aocfustic wave resonators formed on -wafers is altered 
before the wafer Is diced. That method effects that the FBAR exhibits & series or parallel 
resonant frequency that is within en acceptable error margin of a design series or parallel 
resonant frequency, respectively. In one example of US 6,05 1 , 907 top $pd the bottom 
electrode both comprise molybdenum (Mo) having a £hidaoe$$ of 300 ran. Ab the method for 
fine toning in that document is based on thinning of the top e!erirode$ of the FBAR?, wfcinh 
results in increasing series resistance of the FBARs, there it is proposed to design top 
electrodes (of Mo) with a thickness of 400 nm and with a correspondingly thinner layer of 
piezoelectric material, in this case zinc-oxide (2SnO). 

The objective of (he invention is to provide an electro- acoustic resonator which will give 
increased filter bandwidth. 

This objective is achieved by an electro-acoustic resonator with, a layer $tr*etur£ cornprising a 
piszo electric layer and a top and a bottom electro de layer, with the fhickae $& of the two 
electrode layers being unequal and with the top electmda layer being thinner tbm the bottom 
; [5 electrode layer. In this configuration maxifflnmresonatOEf coupling factor is achieved. The 

enhancement occurs due to an improved match, inside the pi&saelecfrio layer, between the 
I spatial distributions of the applied electric field (which is approximately constant in the 
direction normal to the layer) and the electric field directly coupled to the aooustio wave 
(which is approximately cosinuscridal about a plane midway between thin electrodes, but 
10 closer to constant for Optimal electrode thickness), 
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The elecno^acQustlc resonator may be a eoKdly-mdunfed thin-filmx^socnatar (SBAR) or may 
have a membrane structure, also referred to as a film bulk acoustic wave resonator (FBAR). 
The layer sequence of an EBAR is typically etch-stop layer/bottom electrode layer / 
5 piezoelectric layer / top electrode layer. The energy fa confined by having a perfect reflector at 
the ftee-spaca interface above and below fee resonator. Hie layer sequence of an SBAR is 
typically substrate / Biagg reflector/ bottom electrode layer /pie^efectric layer / top 
electrode layer. The Bragg reflector comprises alternate high and low mechanical impedance 
layers and provides the required reflection below the resonator. A massJoading layer above 
0 the top electrode La included in a subset of the resonators in a typical filter design. The mass- 
loaded resonators have Slightly lower 5 and £ than the noiwnass-loaded resonators, lh all 
cases the resonant fhsquancy f$ approdrnately inversely proportional to the thickness of the 
piezoelectric layer. For typical RP applications all layer thicknesses aie of the order of 100 nm 
to 2000 itiXL Tha substrate thickness is typically of the order of 0.1 mm to 2 mm, 

At least one of the electrode layers of the elecfeo^aeoustio resonator can be formed by a stack 
of two (or more) conductive materials. Such a configuration is referred to here as a 
"sandwich* structure. The conductive material* haw to be careftlly chosen as fliey influence 
file electrical loss and the bandwidth. 

In one embodiment of the electro-acoustio resonator a conductive thin tfgusion barrier is 
formed between the electrode layers. 

In a further embodiment the conductive material in the stack that is in contact with the 
pteaaelectric layer has a higher acoustic impedance than the conceive material that is not in 
contact with the piezoelectric layer, 

In another embodiment the conductive material in the sta A 

piezoelectric layer has a lower acoustic impedance than the outer conductive material Hurt is 
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not to contact with the piezoelectric layer. Preferably, the outer conductive material is a noble 
metal such as gold (An) or platinum (Pt) which protects the xesonaftrfs surface. 



I The oanductiv© material with the low acoustic impedance preferably comprises aluminium 
5 CA1). 

The conductive *rat erial with the higher acoustic impedance courses for example platinum 
(Pt), wolfiam (W), molybdenum (TMb). titan- wolffcam. (T^Wi*, 0<=x<l) or gold (Au), 

1 0 The diffusion, barrier between the electrode layers and face between the electrodes may consist 

oftitanium nitride (TEN) or titanium (fi) or may consist ofcombinatiaas of titanium nitride 

J (TiN) and titanium (Ti). 

jj Par example, tfie inventive electo-acoustic resonator can be used in a filter with a centre 

IS frequency of U95 GHzu This is the cento frequency corresponding to die transmission <TX) 

| band of the UMTS 30 standard. For this application the bandwidth required is very cbs* to 

I the mtaiimro achfcvabb,using aluminium nitride for the pfezoeLecfrio layer. 

j One pnefened embodiment^ for use in filter with centre fiequenoy in. the region of 2 OH*, is 

30 an electco-acouatic iewn^fcor whose electrode layers comprise molybdenum with, ffctr a 

I wpooant ftequeruy in the ve&vn of 2 GHz, the top layer's thickness being in fte region of 200 

nm and the bottom laj^s thickness being the region of 300 ran, these thicknesses scaling 

approximately inversely with resonant fiequeocy . 

5 5 Another preferred embodiment is an elecfooactmstic resonator whose electrode layers 
comprise platinum with, for a lesoaant frequency in the region of 2 GHz, the top layer's 
thickness befog in the region of 50 nm and the bottom layer's thidmes * being in tie region of 
ISO an, these thicknesses scaling approximately inversely with resonant frequency. 
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Hie inventive electro-acoustic resonator may be used as a component of a radio frequency 
(Rf) filter,, or as a component used In a sensor, or used in an ultrasonic transducer, ox used in 
an army of ultrasonic transducers. 

5 These and other aspects of the invention will become apparent from and *will be elucidated 
with reference to the embodiments described hereinafter, where 

Figure 1 illustrates a layer sequence in an FBAR, 

If 0 Figure 2 illustrates a layer sequence in an SBAR, 



Figure 3 i]]u^ate3 a layer sequence in a sandwich SBAR, 



0 Figure 6 



Flguxe4 illustrgtes a table with the coupling factor versus the thicknesses of top and 



KgureS 



illustrates a table with the coupling factor vcjsub the thicknesses of top and 
bottom electrode for a mass-loaded SBAR, 

Jllustote9 a table with the coupling Actor versus the thicknesses of top and 
bottom electrode for a non-mags-loaded partdxvich SBAR, 



Figure 7 illustrates a table with the coupling fector versus the thicknesses of top and 
bottom electrode for a mass-loaded sandwich SBAR. 

|5 

Rgnro I illustrates a layer sequence in an FBAR 1 consisting o£ fiom bottom to top,, a 
substrate 2, an etch-stop layer 3, a bottom electrode layer 4, a piezoelectric layer 5, a top 
electrode layer 6 and a mass-loading layer 7. The FBAR 1 shows the electrode layers 4, 6 
with unequal thicknesses with the top electrode 6 having a thickness of Tl and the bottom 
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electrode 4 having a thickness ofT2. AooonKng tothainventjonTt is smaller than T2. This 
asymmetrical arrangement enables men*or«torto achieve maximum coimling-factor, thus 
giving maximum After bandwidth. 

5 Figure 2 illustrates a layer sequence man SBAR S consisting of, fiom bottom to top, a 
substrate 9, w acoustic mirror 10 liks a Bragg reflector comprising alternate high 1 1 and low 
12 mechanical impedance layers, a bottom electrode layer 13, apieaoBlectrio layer 14, a top 
electrode layer IS and a reloading % w 16. The SBAR 8 shows electrode layers 13, 15 
with unequal thicknesses with the top electrode is bavins a iMcIcness of T3 and the bottom 
electrode 1 3 having a tfakskness ^4. According to the invention thickness T3 is smaller than 
thickness T4. 

Hguro3 illustrates a layer sequence in a sandwich SBAR 1 7 consisting of, from bottom to 
top, a substrate 1 8, an acoustic mirror 19 like a Bragg refector comprising alternate high 20 
andlow2I mechamoalimpedanca layers, a bottom outer electrode layer 22, abottom inner 
electrode layer 23, a myoelectric layer 24, a top inner electrode layer 25, a top outer 
electrode layer 26 and a mass-loading layer 27. The sandwich SBAR 17 shows outer 
electrode layers 22 and 26 of equal midme&s, and inner electrode layers 23 and 25 of 
unequal thickness with the inner top electrode 25 having a thickness of T5 and the inner 
bottom electrode 23 having a thickness of T6. Between the electrodes 22 and 23 and / or 
between the electrodes 25 and 26 there may be a diffusion barrier consisting of a layer of e.g. 
Tibjor a combination of layers of Ti and TiN. This diffusion barrier is to avoid inter-dlfiusfcn 
of the two elecfiTxte materia 22 and 23 or 25 and 26 respectively. The thickness of the thin 
difibsion barrier is between 1 0 and 30 mn and does not change the performance of the 
fixator substantially. 



The mass-loading layer (7 in Figure 1, 16 in Figure 2, 27 In Figure 3) is included in a subset of 
the resonators in a typical fiber. The remaining resonators are non-mass-loaded. 
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Tto invention is illustrated by the example of a 1 .95 GHz filter for the band of £he UMTS 
3G standard For this application the bandwidth required is very db$e the maximum 
achievable using alununium nitride (AHfy In principle, a different optimum combination of 
layers required for the mass-loaded and noMxras&Joaded resonators. The optimum 
5 combinations are applicable &> both ladder and lattice implamentations of the filter. 

Figure 4 illustrates * table with the coaling footer b versus the thickne ss T3 of the top 
electrode 15 and versus the thickness T4 of the bottom electrode 13 of the filter's non-mass- 
loaded SBARs 8 as shown In Figure 2. The electrode metal is molybdenum (Mb) which has 

D about twice die acoustic impedance of aluminium nitride^ and very high quality aluminium 
nitride layers can be grown on it Tantalum pentodde (Ta205) and silicon dioxide (S102) are 
employed as file high and the tow impedance layers of the Bragg reflector. According to the 
table the optimum thicknesses of Molybdenum are seen to be in the region of 13 » 2Q0 nm 
&r the top electrode 15 and of T4 - 300 nm for die bottom electxode 13. For this 

5 combination the eon^owfing thickness of the aluminium nitride is 1410 nm, and the 
corresponding maximum value oflv 0^26, 

Fi&s& 5 illustrates a table with ths coupling factor I* versus the thickness T3 of the top 
electrode 15 and versus the thickness T4 of the bottom electrode 13 for the filter's mass- 
• loaded resonators SBAR S> The optimum thicknesses of the molybdenum also are seen to be 
in the region of 13 = 200 nm for the top electrode 15 and of T4 - 300 nm for the bottom 
electrode 13 resulting in a maximum value ofk of 0,222, The mass-loading layer thickness is 
ISO nm. Other layer thicknesses are the same as for the non-mass-loaded SBARs described 
in Figure 4, 

The enhancement of the coupling fecfek^&mgtfae described optimum unequal thicknesses 
13 and T4 should be even higher when wolfiam (W) used instead of molybdenum as 
wolfram has a mechanical impedance some 70% higher than that of molybdenum. 
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Filter implementation fbr thj& same centra ftequency using sandwich SBARs is now 
considered. 

Figure 6 illustrates a table with fhe coupling factor versus the thickness T5 of the top 
electrode 25 and versus the thickness X6 of fhe bottom electrode 23 for the fitter's noxwaasfr- 
loaded sandwich SBARs 17. The outer electrode layers 22, 26 ace of ahiirtiimjm and the inner 
electrode layers 23, 25 adjacent to the piezoelectric (Altfl layer 24 are of platinum (Pt), To 
acbiev© an adequately low electrical resistance it is proposed that the aluminium layers 22, 26 
have the same thickness, here set to 200 nia The top 25 and the bottom 23 electrode layers 
ate fhe variables. Optimum coupling actor 1<? is obtained with values of about T5 5=1 SO nm for 
the top electrode 25 and of about T6= 150 nm for the bottom electrode 23 respectively. 
Between the electrodes 22 and 23 and/ or between fhe electrodes 25 and 26 there may be a 
dMBraqa barrier consisting of a layer of e^g. TEN or a combination of layers of Ti and TiN- This 
dffifoakm barrier is tp avoid into-difftision of the two electrode materials 22 and 23 or 25 and 
26 respectively. The ihiokness of the thin diftbslon harder is between 10 and 30 nm and does 
not change the performance of the resonator substantially. 

Figure 7 illustrates a table with the coupling fector versus the thickness T5 of die top 
electrode 25 and versos the thickness T6 of the bottom elecfrode 23 to the filter's maps- 
loaded SBARs 17. Optimum coupling factor l£ is *gi *n obtained "Willi values of about T5=S0 
toi for the top electrode 25 and of about T6 ■= 150 nm for the bottom electrode 23 
respectively, Other foyer thicknesses are the same as for the noiwnass-loaded sandwich 
SBARs described in Figure 6. 

[5 Jh both mass-loaded and noiwnasg- loaded sandwich SRARs optimum thicknesses of the 
inner Pt electrodes are almost independent of the thicknesses of the Al outer electrodes 22, 
26. For optimum Pt layer thicknesses and Al layer thicknesses of 1Q0 mn, 200 run and 300 
nm the coupling fector ^ 0,220, 0,216 and 0,202 respectively. 
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Hie invention may be summarised by a Aria-film bulk acoustic wave resonator (1, 8, 17) of the 
membrane or FBAR type (1) ca the solidly-momuod or SBAR type (8), cither with single 
foyer electrodes (1,8) Or of the multiple-layer electrode sandwich constcuctLon (17), with an 
optimum ittft^^ and ttas increased bandwidth in filters incorporating such 

5 resonators . The optimum coupling fitter is achieved by ilia anangement that the top 
electrode (6, 15, 25) is thinner than the bottom electrode (4, 13 a 23). Hie coupling factor is 
independent of the resonator's layout 
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1 . EJectxD-acoustxo resonator (1, 8, 17) with a layer structure comprising a piezoelectric 
layer (5, 14, 24) and a top (6, 15, 25) and a bottom (4, 13, 23) electrode layer, with the 
thickness (Tl, T2, ...T6) of the two electrode layers being unequal* characterised in that 
the top electrode layer (Tl, 13, T5) is thinner *an the bottom (12, T4, T6) electrode 
layer. 

2. Electro-aooustio resonator (1, S, 17) as claimed ia claim 1 , characterised in t&tf foe 
electro-acoustic resonator (1, 8 ? 17) is a solidly-mounted ^senator or SBAR (8,17) or 
that it has a membrane $txuctqn? PBAR (1). 

3. Eleotnj-aooustie resonator (1, S ? 17) as daimed in one of the foregoing claims 
characterised in that at least one of the electrode layers (25, 26 <sr 22, 23) is formed by a 
stack of conductive materials. 

4. Electro-acoustic resonator (l s 8, 17) as claimed in one of tije foregoing claims 
characterised in that between the electrode layer? 22 and 23 and /or 2£ and 26 a 
conductive dim diffusion barrier is formed. 

5. Electro-acoustic resonator (1, 8, 17) as claimed in claim 3, characterised in in tbe 



stack the conductive material (23, 25) that is in contact wifix the piezoelectric layer (24) 
lias a higher acoustic Impedance than the conductive material (22, 26) that Is not in 
contact with the piezoelectric layer (24). 
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6. Electro-acoustic resonator (1, 8, 17) as claimed in claim 3, characterised fa that in the 
stack the conductive material (23, 25) in contact with the piezoelectric layer (24) has a 
lower acoustic impedance than the conductive material (22> 26) that is not in contact with 
the piezoelectric layer (24). 

7. Electro-acoustic (I, 8, 17) resonator as claimed in claim 5 or 6, characterised in that the 
conductive material with the lower acoustic impedance comprises Aluminium (Ai)> 

8. Electro- acoustic resonator (1 9 8, 17) as claimed in claim S or 6, characterised in that the 
conductive material with the higher acoustic impedance comprises platinum (Ft), wolfiam 
00* molybdenum (Mb), titan-wolfiam (TW*, (Xfc<l), Gold (Au). 

9. Electro-acoustic resonator (l s 8, 17) as claimed in claim 5 or 5, characterised in that the 
diffusion bander between the electrode layers 22 and 23 and /or between the electrodes 
25 and 26 consists of titanium nitride (TiN), or titanium (Ti), or consists of eomminattans 
of titanium nitride (KN) and titanium (Tfy 

10. Electro-acoustic resonator (1, 8, 17) as claimed in one of the foregoing claims, 
characterised in that the electrode layers (4, 6, 13, 15, 23, 25) comprise Molybdenum 
(Mo) andtha^ for a resonant frequency in the region of 2 GHz, the thickness (Tl, T3, T5) 
of die top Molybdenum layer (6, 15,23) is in the region of 200 nm and the thickness (T2 3 
T4, T6) of the bottom Molybdenum layer (4, 13, 23) is in the region of 300 nm, these 
thicknesses scaling approximately inversely with resonant frequency. 
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1 1. Electro- acoustic resonator (1, 8, 17) as claimed in one of the foregoing claims, 

characterised in mat the electrode layers (4, 6, 13, 15, 23, 25) comprise platinum (Pt) and 
mat, for a lesoranr frequency in the region of 2 GHz, the thickness (Tl, T3, TS) of the 
top platinum layer (6, 15,25) is In the region of 50 am and tha thiolai&ss (T2, T4. T6)of 
the bottom platinum layer (4. 13, 23) is in the region of 150 nm, these thicknesses scaling 



12. Use of an electoo acoustic resonator (1, 8, 17), especially an electro-acoustic resonator 
10 as claimed in claim 1, as a component of a radio frequency (RF) filter, or as a component 
used in a sensor, or used in an ultrasonic transducer, or used in an array of ultrasonic 
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ABSTRACT 

BLBCTRO-ACOUSTIC RBSONATQK 

An electio-aeoustio resonator (l f S, 17) of the membrane or FBAR type (1) or the aoHdly- 
moxmted or SBAR type (8), with electrodes comprising a single conducting layer or multiple 
5 condncttog layers, io. sandwich construction (17) with an optimum coupling factor k r $ad th*# 
an improved filler bgndwidth. The optimum coupling factor & is achieved by the amiugemertf 
thai the top electrode (6 a 15, 25) is thinner than the bottom electrode (4, 13, 23). The 
coupling factor is independent of the resonator's layout defined by the mask. 
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